Abstract We developed two new radiographic parametersthe humeral surface height ratio and ulnar surface height ratio-to precisely detect changes in the bony structure of rheumatoid elbows. Of the 59 patients with rheumatoid arthritis, 101 elbows were classified into four types (osteoarthritis, ankylosis, erosive, and resorptive) according to the radiographic appearance. Clinically, osteoarthritis type and ankylosis type were considered to be stable form, and erosive type and resorptive type were unstable form. Patients' clinical data and yearly radiographic changes in the bony structure evaluated by the humeral surface height ratio and ulnar surface height ratio were compared among the four types and between the two forms. There were significant differences between the two forms and among the three types except for the ankylosis type in yearly radiographic changes in the bony structure evaluated by the humeral surface height ratio and ulnar surface height ratio. Stable and unstable forms were distinguished by a cut-off point of 0.65 and 2.58 in yearly radiographic changes in the bony structure evaluated by the humeral surface height ratio and the ulnar surface height ratio, respectively. These parameters might be useful for monitoring the structural changes of the elbow joint in rheumatoid arthritis.
Introduction
The elbow joint is a large joint that plays an important role in the stability and mobility of the upper extremity in the activities of daily living (ADLs). It has been reported that 20-66% of patients with rheumatoid arthritis (RA) have elbow involvement [1] [2] [3] . This can lead to disability, including difficulties with ADLs, due to pain, decreased range of motion, and joint laxity. The elbow joint is recognized to be a weight-bearing joint, but is not influenced by body weight. The function of the elbow joint is influenced by the function of the wrist and shoulder joint but very little by that of the opposite side elbow. As such, the elbow is a good joint for evaluating the natural course of joint destruction in RA and assessing drug efficacy.
Simmen et al. identified significant differences between stable forms of rheumatoid arthritis (ankylosis and osteoarthritis types) and unstable forms (disintegration type) for the parameters of carpal height ratio, ulnar translation, and scaphoid dissociation of the RA wrist [4, 5] . Wakitani et al. reported that the results of the various surgeries for the RA shoulder were distinctly different depending on the shoulder destruction patterns (described as nonprogressive, arthrosislike, erosive, collapse, and mutilating patterns) [6] . These findings could be of value for the selection of the optimal treatment, including surgical procedures, for RA joints. However, there is no functional classification for the RA elbow joint that includes the natural course of the disease.
Radiographic evaluations for RA joints have traditionally involved Steinbrocker's stage or Larsen's score [7] [8] [9] . These are simple and easily identifiable joint destructions, but use an ordinal scale in which equivalent disease severities are not represented by equivalent distances on the scale. Furthermore, these evaluations have a "ceiling effect" in that the scores cannot be increased beyond a set maximum (Steinbrocker stage IV and Larsen grade 5) even if joint destruction progresses.
In the current study, we aimed to develop new radiographic parameters-the humeral surface height ratio (HHR) and ulnar surface height ratio (UHR)-to sensitively detect changes in the bony structure of RA elbows. RA elbows that had not undergone surgical interventions were classified into two forms and four types, based on structural changes in the radiographs. We then examined whether there were significant differences in the yearly changes of HHR (∆HHR) and UHR (∆UHR) both between the forms and among the types.
Materials and methods
From January 1995 to December 2005, anteroposterior (AP) and lateral view radiographs at two time points separated by at least 1 year were available from 124 elbows of 67 RA patients. The radiographs were taken regardless of whether the patients had symptoms in elbow joints or not. All patients satisfied the American College of Rheumatology (formerly, the American Rheumatism Association) criteria [10] . Twenty-three elbows were excluded because surgical interventions occurred during the observation period. Therefore, the study included 101 elbows from 59 RA patients.
We investigated the clinical records of these 59 patients for age, gender, disease duration, follow-up period, average doses (total doses/observation periods) of corticosteroid and methotrexate, and serum C-reactive protein levels at baseline and final follow-up. There were 10 men (17 elbows) and 49 women (84 elbows) with a mean age of 59.9±11.0 Radiographic classification AP radiographs were obtained with the shoulder joint in 90°flexion, the elbow joint with 0°extension (or maximal extension), and the forearm in supination. Lateral views were obtained with the shoulder joint in 90°abduction, elbow joint in 90°flexion, and forearm in supination. The appearance of radiographs from 101 RA elbows were classified into osteoarthritis type with joint space narrowing without bone destruction; ankylosis type with bony ankylosis; erosive type with joint space narrowing, joint surface irregularity, and bone erosion; and resorptive type with massive bone destruction. We then combined the osteoarthritis type and ankylosis type into one group (the "stable" form) and the erosive and resorptive type into one group (the "unstable" form) based on the structural findings and clinical features of the joints (Fig. 1) .
We classified 101 RA elbows, 20 (19.8%) were osteoarthritis type, 1 (1.0%) was ankylosis type, 16 (15.8%) were erosive type, 37 (36.6%) were resorptive type, and no significant radiographic changes were noted in 27 elbows (26.7%). In the 74 elbows with arthritic changes, there were 21 (20.8%) stable form elbows (combining osteoarthritis type + ankylosis type elbows) and 53 (52.5%) unstable form elbows (combining erosive type + resorptive type elbows).
Radiographic parameters
We measured the HHR in the AP view and the UHR in the lateral view. For the HHR, the humeral axis line (x) was determined as the bisector of the humeral shaft. The perpendicular line (y) at the intersection of the humeral axis line and lower line of olecranon fossa was then determined. The HHRs were determined by dividing the height of the trochlear which was measured by the shortest distance from the perpendicular line to the trochlear joint surface (h) by the radius of the circle tangential to the three lines consisting of the perpendicular line, medial, and lateral cortex of the humerus (r). The UHRs were determined by dividing the distance between the ulnar joint surface and the dorsal cortex perpendicular to the dorsal tangential line of the ulnar shaft (l) by the diameter of the ulnar shaft 10 cm distally from the tip of olecranon (d) (Fig 2) . The radiographs were put into the computer, and h, r, l, d were measured using Adobe® Photoshop® CS2 (Adobe Systems Incorporated, CA, USA).
Analysis of the influence of flexion and rotation for the HHR and UHR in normal elbow joints
To assess whether flexion contracture of the elbow joint or rotation of the humerus influenced the radiographic parameters, AP and lateral view radiographs of ten elbows taken from five normal volunteers were examined. For the HHR, the AP radiographs were taken in the neutral ("true anteroposterior"), 15-degree flexion, 30-degree flexion, 15-degree externalrotation, and 15-degree internal-rotation of the humerus. For the UHR, lateral view radiographs were taken in the neutral ("true lateral"), 15-degree external-rotation, and 30-degree external-rotation of the ulna. The HHR and UHR in the neutral positions were compared with other angled positions. Correlations between the neutral position and each angled position were analyzed using Pearson's correlation coefficient.
Analysis of intra-and inter-observer reproducibility for HHR and UHR
To evaluate within and between observer reproducibility for the HHR and UHR, ten elbows from patients with RA in the current study were measured for HHR and UHR by two observers (K.F and Y.K). Each of the two observers performed the measurement three times on three separate occasions. For between observer reproducibility, the mean value of the two measurements by each observer was used for statistical analysis. Correlations both between the two measurements from each observer and between the two observers were analyzed using intraclass correlation coefficient (ICC).
Statistical analysis
Age, disease duration, follow-up period, doses of corticosteroid and methotrexate, serum concentration of C-reactive protein at baseline and follow-up, and the yearly changes of HHR (∆HHR) and UHR (∆UHR) between the stable and unstable forms and among the osteoarthritis type, erosive type, and resorptive type (ankylosis type was excluded because of the small number available for statistical analysis) were statistically analyzed using the Fig. 1 Representative radiographic appearances of RA elbows in each type. The osteoarthritis type elbow shows the changes of secondary osteoarthritis, including joint space narrowing, subchondral sclerosis, and osteophyte formation. The ankylosis type elbow shows bony ankylosis. The erosive type shows joint space narrowing, joint surface irregularity, and bone erosion, which develop relatively slowly. The resorptive type shows both massive bone destruction and bone resorption. We combined osteoarthritis and ankylosis type elbows into one "stable" form and erosive and resorptive type elbow into one "unstable" form baselineÞg=Follow À up period year ð ÞÂ100. In addition, receiver operating characteristic (ROC) analysis was performed to determine the cut-off points in ∆HHR and ∆UHR between the two forms. A p value of <0.05 was considered statistically significant.
Results
There were significant correlations between the neutral position and each angled position in the HHR and UHR using Pearson's correlation coefficient, suggesting that both the HHR and UHR were minimally affected by flexion or the rotation angle of elbow joint (Table 1) . By using ICC, there were also significant correlations both between each observer's measurement (observer A-0.996 in HHR and 0.997 in UHR, observer B-0.993 in HHR and 0.988 in UHR) and between the measurements of the two observers (0.947 in HHR and 0.993 in UHR).
Seventy-three elbows were classified into 20 elbows with osteoarthritis type, 16 with erosive type, and 37 with resorptive type RA elbows and were used for statistical analysis. The one ankylosis type elbow was excluded from the analysis because of the small number. Age, disease duration, follow-up period, corticosteroid dose, methotrexate dose, and serum C-reactive protein levels at baseline and final follow-up are summarized in Table 2 . Among the three types, there were no significant differences in age, disease duration, follow-up period, corticosteroid dose, and C-reactive protein levels at baseline and final follow-up, but there was a significant difference in methotrexate dose (p< 0.001, Kruskal-Wallis test) with significant differences between the erosive and resorptive types (p<0.05, Dunn's multiple comparison test) and between the osteoarthritis and erosive types (p<0.01, Dunn's multiple comparison test). ∆HHR among the three types were 0.85±1.08, 2.95± 1.96, and 5.53±5.24 in the osteoarthritis, erosive, and resorptive types, respectively. There was a significant difference in ∆HHR among the three types (p<0.0001, KruskalWallis test), and there were significant differences between the osteoarthritis and erosive types (p<0.01, Dunn's multiple comparison test) and between the osteoarthritis and resorptive types (p<0.001, Dunn's multiple comparison test). ∆UHR among the three types were 1.07±1.16, 4.74±4.56, and 6.14±5.10 in the osteoarthritis, erosive, and resorptive type elbows, respectively. There was a significant difference in ∆UHR among the three types (p<0.0001, Kruskal-Wallis test), and there were significant differences between the osteoarthritis and erosive types (p<0.01, Dunn's multiple comparison test), and between the osteoarthritis and resorptive types (p<0.001, Dunn's multiple comparison test; Table 2 ).
The 74 elbows with radiological changes were classified into 21 stable form elbows and 53 unstable form elbows. On anteroposterior view radiographs, the humeral axis line (x) was determined as the bisector of the humeral shaft. The perpendicular line (y) at the intersection (o′) of the humeral axis line and lower line of olecranon fossa was determined. The height of the trochlea (h) was measured by the shortest distance from the perpendicular line to the trochlear joint surface. The center of the circle (o) tangential to the three line consisted of the perpendicular line, medial, and lateral cortex of the humerus were determined, and the distance from o to o′ (r; the radius of the circle) was then measured. The humeral surface height ratio (HHR) was determined by dividing h by r. b Ulnar surface height ratio (UHR)=l/d. On lateral view radiographs, the distances between the ulnar joint surface and the dorsal cortex perpendicular to the dorsal tangential line of the ulnar shaft (l) and the diameter of ulnar shaft 10 cm distally from the tip of olecranon (d) was measured. The ulnar surface height ratio (UHR) was determined by dividing l by d For the two forms, age, disease duration, follow-up period, corticosteroid dose, methotrexate dose, and serum Creactive protein levels at baseline and final follow-up are summarized in Table 3 . Between the two forms, there were no significant differences in age, disease duration, followup period, corticosteroid dose, and C-reactive protein levels at baseline and final follow-up, but there was a significant difference in methotrexate dose (p<0.01). ∆HHR was 0.82±1.06 in the stable form and 4.75±4.64 in the unstable form, which was of significant difference (p< 0.0001). ∆UHR was 1.02±1.15 in the stable form and 5.72±4.94 in the unstable form, which was of significant difference (p<0.0001; Table 3 ).
ROC analysis was performed to determine the cut-off points in ∆HHR and ∆UHR that would distinguish the two forms (stable and unstable). The cut-off points were 0.65 (sensitivity 92.5%, specificity 76.2%) for ∆HHR and 2.58 (sensitivity 73.6%, specificity 95.2%) for ∆UHR (Fig. 3) .
Discussion
There are a few reports describing measurement methods to define the precise changes in bony structure that occur in rheumatoid elbow joint [11] [12] [13] [14] . These methods either did not include a reference for comparison or used the coronoid process and tip of olecranon as a reference, although they often have bony destruction or bony proliferative changes in rheumatoid elbows. Because radiographs have a magnification and because flexion/rotation deviation of the joint affects the X-ray direction to the elbow, a simple (direct) measurement and a measurement with changeable reference of trochlear height or olecranon height may have poor reproducibility. Additionally, the radiographic reference should be minimally affected by rheumatoid erosive changes, as is the case in the classification of the rheumatoid wrist described by Simmen et al. [5] . Our methods of radiographic evaluation for humeral and ulnar joint surface attrition have a reference for comparison, are not too affected by flexion contracture of the elbow joint or rotation of the shoulder joint, and have intra-and interobserver reproducibility.
One limitation is that our method of radiographic measurement cannot be applied to elbow joints with severe joint contracture or massive bone defects. Furthermore, our measurement method was designed to evaluate the change in bony structure and cannot evaluate joint space narrow- ing. Although joint space narrowing could be observed at an earlier stage of disease progression, radiographic evaluation of joint space narrowing can be difficult because of contracture of the elbow and shoulder and changes in the angle of incidence of the X-rays at each examination. When measuring RA elbows, it is important to consider the region where one can most adequately measure the change in the humeral joint surface. Recently, Kitamura et al. reported on radiographic joint destruction patterns in RA elbows by classifying the degree of bone loss in four zones on the elbow joint surface into four grades of severity using 386 rheumatoid elbows [15] . The extent of bone loss of the distal humeral joint surface was significantly greater on the radial side of the trochlea compared with other zones. This may represent a characteristic change in RA elbows. We observed a similar destruction pattern in our series.
In the current study, there was no significant difference in corticosteroid dose, but there was significant difference in the dose of methotrexate, suggesting that methotrexate may inhibit elbow joint destruction in patients with RA. It is well recognized that methotrexate has a beneficial effect in inhibiting joint destruction in RA in general [16] [17] [18] [19] [20] . Although this study initially aimed to evaluate the natural course of elbow destruction in RA, the effect of medical treatment with corticosteroid and disease-modifying antirheumatic drugs (DMARDs) cannot be neglected. This is one of the limitations of a retrospective study with a relatively small number of joints. However, complete avoidance of medication use in a prospective study of RA creates ethical problem. This is the first report of a new, functional radiographic classification using radiographic parameters to measure changes in the bony structure of the RA elbow joint. We classified the pattern of destruction in RA elbows into two forms and four types. Our radiographic parameters were useful in precisely measuring changes in the bony structure of the elbow joint. Both ∆HHR on anteroposterior view radiographs and ∆UHR on lateral view radiographs were significantly different between the stable and unstable forms. There were also significant differences between the osteoarthritis and erosive types and between the osteoarthritis and resorptive types. However, we could not show a significant difference between the erosive and resorptive types, and further examination of a larger number of elbow joints would be necessary to identify any significant differences here.
The treatment of RA has been dramatically changed by the advent of biologic agents [21] [22] [23] [24] [25] [26] [27] [28] . Clinical remission is possible, and drug-free remission is now a realistic goal following early aggressive treatment by DMARDs in combination with biologic agents. However, the evidence that biologic agents can prevent the structural damage of RA is limited to the small joints of hand and foot, evaluated by the modified Sharp/van der Heijde score [22, 23, [26] [27] [28] [29] [30] . Our parameters may be also applicable for monitoring the effect of biologic agents on elbow joint destruction. 
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Cut off point =2.58 a HHR (% / year) b UHR(% / year) Fig. 3 Cut-off points with scatter plots of ∆HHR and ∆UHR. The two graphs show the scatter plots of ∆HHR and ∆UHR. The cut-off points for ∆HHR and ∆UHR that distinguished stable from unstable forms of elbow RA were determined by identifying the percent change per year that maximized sensitivity (percent) and specificity (percent). The cut-off point for ∆HHR (A) was 4.15 (sensitivity 77.4%, specificity 100%) and for ∆UHR (B) was 2.58 (sensitivity 73.6%, specificity 95.2%)
